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non-destructive testing. Mdrre specifically, the
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of th ent 003] Laser ultrasound is one
kw@%&ﬁﬁﬂ%a ﬁgﬁ@Yﬂﬂﬁﬁ i nspecting objects made from
conposite material s. The met hod i nvol ves produci ng

2. ul t Das@iption vf Priafk ApINS on a conposite surface by
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dura %z combined Wi its Io% weight, composites are replacing metals and metal alloys as

the base material for certain load bearing components. For example, composites are now
commonly used as a material for body parts and structure in vehicles such as automobiles,
watercraft, and aircraft. However, to ensure composite mechanical integrity, strict
inspections are required. The inspections are typically required upon fabrication of a

component made from a composite and periodically during the life of the component.

[0003] Laser uitrasound is one example of a method of inspecting objects made from
composite materials. The method involves producing ultrasonic vibrations on a composite
surface by radiating a portion of the composite with a pulsed laser. A detection laser beam is
directed at the vibrating surface and scattered by the surface vibrations. Collection optics
receives the scattered detection laser light and directs it for processing. Scattered laser light
processing is typically performed by an interferometer coupied to the collection optics.

Information concerning the composite can be ascertained from the scattered light processing,



processing is typically perfornmed by an interferoneter
coupled to the collection optics. Information
W@ w4ty t he conposite can be ascertai ned fPONUSI989/043893
scattered |ight processing,the information includes
the detection of cracks, delam nations, porosity, and
fiber information, SUVMARY OF | NVENTI ON [ 0004]
Di scl osed herein is a nethod of ultrasonic testing
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mé&%&ﬁﬁ' converter cpnverts the radiation wave to a
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mavelength |s in amd-IR range, directing the signa
RN @K hWH¥® to a second optical converter
mhereln t he second optical converter converts the
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converter may be segregated into different portions of
[000%¢ The yatpal wavephaobahb [gyndritenfwavs tforogeneratihg citrasoaic désplacements
and second optical converter are integrated within a
onSthe Ghe@loyiSdubthce and/or for detecting ulirasonic displacements on the inspection
surface. The inspection surface may comprise a composite. In one embodiment, the first
optical converter is an optical parametric oscillator. In one embodiment the second optical
converter can be an optical parametric converter or a difference frequency generator.
Optionally, the first and second optical converters are combined into a single crystal. The
first optical converter and second optical converter may be segregated into different portions

of the crystal, optionally the first optical converter and second optical converter are integrated

within a single crystal.

[0006] In one optional embodiment of a method of ultrasonic testing, the pump laser wave
wavelength is about 1.064 microns. In one optional embodiment of a method of ultrasonic
testing the signal wave wavelength is about 1.594 microns. In one optional embodiment of a

method of ultrasonic testing, the idler wave wavelength is about 3.2 microns. The output



[0006] In one optional enbodi nent of a method of
ultrasonic testing, the punp | aser wave wavel ength is
W@wat4045964 m crons. I n one optional enbodi mMeEPET/U$2089/043893
met hod of ultrasonic testing the signal wave
wavel ength is about 1.594 mcrons. In one optiona
enbodi nrent of a nethod of ultrasonic testing, the
i dl er wave wavel ength is about 3.2 mcrons. The
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wavel ength to about 3.2 mcrons, and produci ng
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target object by directing the idler wave and the
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second conbi ned wave on the vibrating target surface,
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wave, wherein the idler and signal waves have .
[0008] The present disclosure also includes a laser ultrasonic testing system that includes an

input laser source, a first optical frequency converter coupled to receive an input wave from
the input laser source, the first optical frequency converter and configured to convert the
input wave to an idler wave and a signal wave, wherein the idler and signal waves have
different wavelengths., Also includable with the testing system is a second optical frequency
converter coupled to receive the idler wave and signal wave and configured to convert the
signal wave wavelength to substantially the same wavelength of the idler wave and emit a
combined output wave comprising the converted signal wave and idler wave, wherein the

combined output wave is directable to the target surface of a farget object to produce an



di fferent wavel engths. Al so includable with the

testing systemis a second optical frequency converter
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configured to convert the signal wave wavel ength to

substantially the sane wavel ength of the idler wave

and emt a conbi ned out put wave conprising the

converted signal wave and idler wave, wherein the
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representations of alternative enbodi nents of an
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for ultrasonic testing.

[6013] FIGS. 3 and 4 are schematic representations of alternative embodiments of an optical

source for ultrasonic testing.

[0614] FIGS. 3b and 4b are schematic views of poled crystals for use in an ultrasonic testing

optical source.

[0015] FIG. 5 is schematic representation of an alternative embodiment of an optical source

for ultrasonic testing.

[0016] While the invention will be described in connection with the preferred embodiments,
it will be understood that it is not intended to limit the invention to that embodiment. On the
contrary, it is intended to cover all alternatives, modifications, and equivalents, as may be

included within the spirit and scope of the invention as defined by the appended claims.



[0015] FIG 5 is schematic representation of an

al ternative enbodi nent of an optical source for
wakapagass ¢ testing. [0016] While the inventi oPCTUS1009@43893

descri bed in connection wth the preferred

enbodi nents, it will be understood that it is not
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illustration only. For exanple, the directional terns
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locadst ruct i on, operation, exact materials, or
enbodi nents shown and descri bed, as nodifications and
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although specific terms are employed, they are used in a generic and descriptive sense only
and not for the purpose of limitation. Accordingly, the invention is therefore to be limited

only by the scope of the appended claims.

[0019] FIG. 1 provides a side perspective view of one embodiment of a laser ultrasonic
detection system 10. The detection system 10 comprises a laser ultrasonic unit 12 formed to
emit a generation beam 14 and directed to an inspection target 15. The generation beam 14
contacts the inspection target 15 on an inspection surface 16. The generation beam 14
thermo-elastically expands the inspection surface 16 to produce corresponding wave
displacements 18 on the inspection surface 16. In one embodiment, the generation beam 14

is a pulsed laser configured to produce the wave displacements 18 on the inspection surface



only by the scope of the appended clains. | 0019] FIG

1 provides a side perspective view of one enbodi nent
W@R00/14@Ser ul trasoni c detection system 10. TheCT/US2009/043893

detection system 10 conprises a |aser ultrasonic unit

12 formed to emt a generation beam 14 and directed to

an i nspection target 15. The generation beam 14

contacts the inspection target 15 on an inspection
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[0020] With reference now to FIG. 2, one embodiment of a mid-IR generator 22 is illustrated
in schematic view. As will be described in further detail below, the mid IR generator 22
generates an output wave that may be used for one of the generation laser beam 14 of FIG. 1.
In the embodiment shown, the mid-IR generator 22 comprises a pump laser 24 that emits a
pump laser beam 26 directed to a first optical frequency converter 30. The first optical
frequency converter 30 converts the single pump input wave into two waves: (1) an idler
wave 32 and a (2) a signal wave 36. Some amount of the remaining pump wave 34 passes

through the converter 30. Each wave (32, 34, 36) is at a different wavelength. A converter



optics may be included with the |aser ultrasonic unit
12. [0020] Wth reference nowto FIG 2, one
weaiodsment of a nd-1R generator 22 is ill ustredEusiond 043893
schematic view. As will be described in further detai
bel ow, the md IR generator 22 generates an out put
wave that may be used for one of the generation | aser
beam 14 of FIG 1. In the enbodi nent shown, the md-I1R
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punp | aser directed to a first optica
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converts the single punp input wave into
t W0 waves: %éz an idler wave 32 and a (2) a signal
0024 ke 3gvesgritingriomt the firs watigad rﬁlﬁﬂlﬁ:‘{n% cwﬁﬁerv\;g},éreghrected to a
passes through the converter 30. Each wave (32, 34,
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bel ow 100% ef fi ci ency and al |l ows passage therethrough
configured &alldw fige presageodl thhddlenweypy Froithauhelfpaiing angogaits wave
beam [0021] The waves emtting fromthe first optica
profertéegu eunbyasc heentye wagdengtheanti ewetyed The signgbmemel 36 wavelength
opti cal frequency converter 38 The second optica
howfer @gisenoyertcdwitkinttier se8ddvascdd Gequeogndangertes d8 taobcadubsiamtially the
free passage of the idler waves 32 without affecting
samaryg thé ididrswavaVv3 poofkapthi e$Shuss thehidies whive Gl end ignal wave 36 are
wavel engt h and energy. The signal wave 36 wavel ength
confbdwed g, a $isigle oniper wwad 40 lidving 4 hrecified ondelapth e@l an energy level
frequency converter 38 to be substantially the sane as

gredtfiehhrdiheidiaaweve3R wavs! engt Mccdidlagly, tHeamiddhRaretvaeeeradd 22 is
and signal wave 36 are conbined into a single output

configred Qrdaydnngitgit SRACA] Ha®The \Wal 6lted Vgl Ble ikl fo DItRB@T @i¢sting.
| evel greater than the idler wave 32 energy | evel.
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transmission characteristics at the pump, idler, and signal wavelength, and curvature radii
designed to maximize the energy in output beam 40. The design values are determined by
calculations, modeling, and experiments. The device described herein is not limited to the
embodiment of FIG. 2, but can include several other cavity approaches. For example,
alternative embodiments include three or four arm cavities that include more couplers or
mirrors. An example of a four-arm cavity 53 is shown in Fig. 5. Here the pump laser beam
26¢ passes through the first input coupler 54 and the idler wave 32c leaves the cavity 53 from
the output coupler 57. The first and second frequency converters (30b, 38b) are in different

arms of the cavity 53. The remaining portion of the pump beam 34c exits from the output

coupler 55 and idler and signal waves exit the second optical frequency converter 38b



conversion efficiency of converters 30 and 38.

Coupl ers 28 and 42 have reflection and transm ssi on
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wavel engt h, and curvature radii designed to maxim ze

the energy in output beam 40. The design val ues are

determ ned by cal cul ati ons, nodeling, and experinents.

The devi ce described herein is not limted to the
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thrSglrarmcavlty53|sshown|n Fig. 5. Here the punp
¥ g? beam 26¢c passes through the first input coupler
54 and the idler wave 32c | eaves the cavity 53 from
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converters (30b, 38b) are in different arns of the
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exits fromthe output coupler 55 and idler and signa
30 wawedigend to tdvees degnuhpolatdr badm £26 eujo direcidler svave B2,evhere the idier
38btowards the mrror 56. One advantage of mnultiple
wag¢ B2 eavdléngdsisabmgi3sX micrams pneé denignaigwived opuavplength iestoht 1.594
t he second converter, decreasing requirenents on
mi€phd. c afurheatin nhis anishddamagthet fcaghobtial 0083} donveane 38 is
exanpl e of use of the md IR generator 22 of FIG 2,
cotfhi@redudnllbadre fagage S6thwadlel engtIt whilodmuértidg Gedignal wave 36
mcrons. In this enbodinent, the first optical

frobt £AUENSH MARMRIE 8bouB0.2i BicRART THYUSREn ShtiRaNY&éncl Renverter 38
punp | aser beam 26 into the idler wave 32, where the
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signal wave 36 wavel ength is about 1.594 m crons.
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frequency converter 38 I's configured to allow free
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e out put wave 40 use of the second

to %tu{ ¥ ﬂlllcr&{s? e gﬁlecﬁ"ggl}f EfaheedBetection of composite surface is realized by

using laser waves whose wavelength is about 3.2 microns. Composite surface characteristics
that can be evaluated with such a laser include defects, delaminations, inclusions, cracks, and

fiber characteristics such as fiber orientation and fiber density.

[0024] Another advantage of use of the present device and method is that many well
performing laser pumps operate at around 1 micron, those include Nd:YAG, Yb:YAG, and
Nd:YVO4, to name but a few. Accordingly, these lasers comprise viable candidates for the
pump laser 24 of a mid-IR generator 22. In one embodiment, the first optical frequency
converter 30 may comprise an optical parametric oscillator (OPO). In another embodiment,

the second optical frequency converter 38 may comprise an OPO as well as a difference
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into the idler.

[0026] A schematic of yet another embodiment of a mid-IR generator 22b is shown in FIG.
4a. In this embodiment, the pump laser 24b emits a pump laser beam 26b through an
optional input coupler 28b where the pump laser beam 26b is received into an integrated
optical frequency converter 50. The integrated optical frequency converter 50 operates in
essentially the same way and performs essentially the same function as the first and second
optical frequency converters (30, 38). The integrated optical frequency converter 50 also
emits an output wave 40b for use as an ultrasonic laser testing beam. The integrated optical

frequency converter 50 of FIG 4a is schematically portrayed in FIG. 4b as an integrated
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[0028] The present invention described herein,
therefore, is well adapted to carry out the objects
and attain the ends and advant ages nentioned, as well
as others inherent therein.
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Wi le a presently preferred enbodi ment of the
i nvention has been given for purposes of disclosure,
Woeengyss changes exist in the details of proceROUUDE209/043893
for acconplishing the desired results. These and ot her
simlar nodifications will readily suggest thenselves
to those skilled in the art, and are intended to be
enconpassed within the spirit of the present invention
di scl osed herein and the scapégSof the appended
clainms. CLAIMS What is clainmed is. 1. A nethod of
Whik tsrohS@ed B. testing conprising: directing a radiation
wave froma punp | aser to a first optical converter
mhereln tt f'ﬁﬁt o%&i converter converts the
It adi at't BROGRYRITEORCLGs ﬁ%\‘fo%\% and an idler wave,
wherein the idler wave wavelength is in a md-IR
r ange dirdéting etradigiiontvervs ifigmad puvevieseatedh firdl aptical@oevetter, avherein
second optical converter, wherein the second optica
conv ertheehiirstoaphiva chisvettbrecos vegts alke radieionveave tea giginl tvavaand an idler
m d-1 R range and the idler wave passes through the
secondvaeptwieedin the idiertee waudsiginisiiah nyd-llehgeged, and
wherein the idler wave conbines with the converted
Si gnaldlr@a}ﬁg tﬁe sz%n%[ fﬂl‘% a]c’lf] n&%ﬁyﬁ%@é‘%@c% %’twrﬁ%g?verter wherein the
di rect’ing wave at an rnspec
sur face. 2 Bgcctai& RS eﬁgihsgﬁnwavglvg& FSUN G L5k Mhee

I on

wh t t
for S'@ﬁ%ﬁﬁeﬁ“ﬁ”@ F@?%é‘ R Grecde RRRRL TR R Bt
the” Sihge %'E?fb“ﬁ‘ffh%e the e Ve B P B D cpetes HEn wave
detectl?g uI soni ¢ dlspl cements on the inspection

sur f adRomga WERKSAGA'El ai m 1, wherein the

i nspection surface is a conposite.
directing the single output wave at an inspection surface of an inspection object

for ultrasonic testing of the inspection object.

2. The method of claim 1, wherein the single output wave is a generation wave for

generating ultrasonic displacements on the inspection surface.

3. The method of claim 1, wherein the single output wave is a detection wave for

detecting ultrasonic displacements on the inspection surface.
4, The method of claim I, wherein the inspection surface is a composite.

5. The method of claim 1, wherein the first optical converter comprises an optical

parametric oscillator.

6. The method of claim 1, wherein the second optical converter comprises a device
selected from the list consisting of an optical parametric converter and a

difference frequency generator.
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5. The nmethod of claim1l1l, wherein the first optica

converter conprises an optical paranetric oscillator.
W@2009he48%t hod of claim 1, wherein the second BEE/US2D9/043893

converter conprises a device selected fromthe |i st

consi sting of an optical paranetric converter and a

di fference frequency generator.7. The nmethod of claim

1, wherein the first and second optical converters are

conbi M@ metHo@ oBcigi g el Gk Bbkst aftt seddiR opBED e6hvefters hal M
7, wherein the first optical converter and second

optlcabmgﬁaygﬁhgﬁn@@gy§ggregated into different
portions of the crystal. 9. The method of claim?7,

erei first, optical converter, and seco optica
oo e bihof of gy DAt e aihe Ao, opiel Epyeriee fod g pgoe!
nmet hod of claim 1, wherein the punp | aser wave

wavel SHRFer ae shstrEpted Indp di {Tigent R?ﬁ%ons Pﬁ%‘e §hghRal wave

wavel ength is about 1.594 mcrons, and the idler wave

vavel anghlethod oabiak 7,3vhérdin e GRS optichl cohbgtefaid@borlfoptical
claim1l wherein the output wave wavel ength ranges from

about candeRetd@iitegfatdd WitigMthe chdtal. The met hod of claim 1,
wherei n the output wave mavelength is about 3.2

Cro d .of ser trasonic testing,a
0SB wethod SHTFIRL P g i R Blimt st afvs FtA Pl 064
wave havi ng _a wavel engt h of about 4 mcrons. to, a
i gnaliEye hanh Waafego@v@?%tsﬁg%@é@gmwrgns.zaalﬂs (B¢ I wave
and an i Ier mgﬁ Bz a wavel ength of about 1.594
nlcroH@”eE%¥ Ve %fre signal wave wavel ength to
about 3.2 m crons; and (c) producing ultrasonic
diispl dhe metiod oﬁﬁlaﬁ‘rhlawha’e'@ehe supft aeee whvetentirgies Gbinedbut 3

by

to about 4 microns.
12.  The method of claim 1, wherein the output wave wavelength is about 3.2 microns.
13. A method of laser ultrasonic testing a test object comprising:

(a) converting an input laser wave having a wavelength of about 1.064 microns to
a signal wave having a wavelength of about 3.2 microns and an idler wave having

a wavelength of about 1.594 microns;
(b) converting the signal wave wavelength to about 3.2 microns; and

(c) producing ultrasonic displacements on the target surface of a target object by
directing the idler wave and the converted signal wave to a target surface as a

combined wave.

14, The method of claim 13 further comprising generating a second laser beam,
directing the second laser beam on the vibrating target surface, and detecting

target surface displacement.
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directing the idler wave and the converted signal wave

to a target surface as a conbi ned wave. 14. The net hod
wW@Roogh#i4ss 13 further conprising generating a SBCDHS2009/043893

| aser beam directing the second | aser beam on the

vi brating target surface, and detecting target surface

di spl acenent. 15. The nethod of claimB wherein step

(a) conprises directing the input wave to an opti cal

pleér amdthe method of tlkiat b whekéin stEh éa) vemists dfrectih@itmid@it wave to an

wherein step (b) conprises directing the signal and

i dl er opthoaéparbmoetac devilace. conpri sing a frequency

converter selected fromthe list consisting of an

O ' C%e R‘l%[h%%%&%.gnr PSS%,J/W %tﬁ(l?erg g?é%m}prges e(r:tiengﬁgs?grﬁéand idler

fre quency genera {PEso
t
opt i cal* 11 ea38‘30%0“1&&*@%@3@%@&@5F%lare % ecte] f;gm%? it

put m t he | aser, _.sour.c the firs
opt | c &Pk bEM Sy ek Sl R A ke GeiBepsperor
the i nput wave to an idler wave and a signal wave,
wWer eifnlasen gltiagingy testing sgitgmadmpvisires have di f f erent
wavel engt hs; a second optical frequency converter

COUp'%H:&ﬁt%&&%&M&:the i dler wave and signal wave and
confi gur to convért the signal wave wavel ength to

substantially the same wavel ength of the idler wave

and edifirstQriGhBransacysenpiter W%d dQTepPiVsamigPeteave from the input
converted signal wave and idler wave, wherein the

conbi teser ssutcpuibe firsveptical fesiapeney ariverterand penfigured ée convert the
surface of a target object to produce an ultrasonic

vi br atipghwaye to ke Iderrgee anrdg fignee waeg whercigheidier ond $igmbwaves
directable to the target surface and configured to

det ecthad differswinyayelengths;

a second optical frequency converter coupled to receive the idler wave and signal
wave and configured to convert the signal wave wavelength to substantially the
same wavelength of the idler wave and emit a combined output wave comprising
the converted signal wave and idler wave, wherein the combined output wave is
directable to the target surface of a target object to produce an ultrasonic vibration

on the target surface; and

a detection laser directable to the target surface and configured to detect ultrasonic

displacements.

18.  The laser ultrasonic testing system of claim 17 wherein the input laser wave has a

wavelength of about 1.064 microns.

10, The laser ultrasonic testing system of claim 17, wherein the idler wave and the
converted signal wave have a wavelength ranging from about 3 microns to about 4

microns.
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di spl acenents. 18. The | aser ultrasonic testing system

of claim17 wherein the input |aser wave has a
woerwellengt h of about 1.064 microns. 19. The | aB&F/US2009/043893

ultrasonic testing systemof claim17, wherein the

idler wave and the converted signal wave have a

wavel ength ranging fromabout 3 mcrons to about 4

m crons. 20. The | aser ultrasonic testing system of

ctai mThé lasshdtrasonictdseing gisem ofaladm andviichen dendlerited and the

signal wave have a wavel ength of about 3.2 m crons.

21. Thenveaseé sight] waas havie@ viaRslendilg oSabd eI pficrédsai m 17,

wherein the first optical converter conprises an

iC | I I 22..The l.aser .

Pl as ?%Elf‘g?%mﬁ% Sl o SRBRCEPRf 7 2 rsif 2 Gl optiga converter

second oBt cal ctoni/ nghjcses a devi ce sel ected

from tREVITEEN QBIE %ﬂr?rﬁ%“%?sc Oé‘pti cal paranetric

converter and a difference frequency generator.

22, 'The laser ultrasonic testing system of claim 17, wherein the second optical

converter comprises a device selected from the list consisting of an optical

parametric converter and a difference frequency generator.
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